We show direct evidence that focused X-rays enable to merge polymer colloidal particles at room temperature. This phenomenon is ascribed to photochemical scission of colloids with X-rays, reducing molecular weight, glass transition temperature, surface tension, and viscosity of colloids. The observation of the neck bridge growth with time shows that the X-ray-induced colloid coalescence is analogous to viscoelastic coalescence. This finding suggests a feasible protocol of photonic nanofabrication by sintering or welding of polymers, without thermal damage, using X-ray photonics.
PHYSICAL REVIEW LETTERS -3 -transition temperature varies with X-ray dose [9] . The reduction of the transition temperature decreases the surface tension and the viscosity, which consequently induces the coalescence process. For both X-ray irradiation and simultaneous imaging, we apply the full-field X-ray transmission microscopy (TXM) at photon energy of 8 keV on the 32-ID imaging beamline of the Advanced Photon Source at the Argonne National Laboratory [13] , as illustrated in Fig. 1 . This approach is useful not only to directly monitor the coalescence process of colloidal particles in real time, but also to concentrate X-ray photons to induce the coalescence process.
As a model system, we used hard-sphere PMMA colloids with radii of R = 100, 550, 1000, and 1800 nm (polydispersity less than 5%), which were taken from dilute colloidal suspensions of PMMA spheres in decalin [14, 15] . The PMMA colloids used here are the spheres (synthesized by A. Schofield) that have a poly(hydroxystearic acid) (PHSA) sterically stabilizing layer 10 nm in thickness. They have been widely used as a model hard-sphere system [1] . The PMMA particles were deposited by evaporation on a clean Kapton tape (Kapton is transparent to X-rays) and directly illuminated with the focused X-rays in a normal direction to the incident X-ray beam. Real-time (Zernike-type) phase-contrast X-ray imaging with a phase ring is performed using the TXM with spatial and temporal resolutions of 40 nm and 50 ms, respectively [13] . The flux of the focused X-ray beam by the condenser lens was f = 2 × 10 11 photons s −1 at 8 keV [13] . The dose ratio (k) could be estimated as k = 832 photons μm −2 Gy −1 at 8 keV from the empirical formula [16] of k = 2000 λ −2 (where the wavelength is λ = 1.55 Å at 8 keV). The focused beam size at the sample plane was 15 × 15 μm 2 in FWHM (full width at half maximum). Because ~ 95.4% of the incident beam intensity (I) was illuminated to the focal area A = 25.5 × 25.5 μm 2 and the condenser efficiency was ε ≈ 90%, we estimated the dose rate of the focused X-rays as μ = 317 kGy s -1 (= 0.954 fεI / kA [16] ) on the illuminated sample area. The high dose rate is expected to enhance the X-ray-induced chain scission of PMMA colloids.
Direct visualization of coalescing colloids at the nanoscale is a challenging task [17] .
The coalescence process arises from various kinds of mass transports [3] such as evaporation/deposition, surface diffusion, and viscous flow of matter. In the case of a polymer, coalescence is known to occur via "viscous flow" [18, 19] or "viscoelastic deformation" [20] [21] [22] . The classical Frenkel-Eshelby theory [18, 19] , equating the rate of work done by surface tension (γ) to the rate of energy dissipation due to viscous flow, predicts that contact radius (r) between two spheres increases with time (t) as (r/R) ~ (γt/ηR) 1/2 where R is the radius of coalescing spheres and η is the fluid viscosity. On the other hand, the Johnson-Kendall-Roberts theory [20] predicts "zero slope" for elastic coalescence at early stage and also the viscoelastic coalescence of r ~ t 1/7 under zero applied load at late stage [21, 22] . Neck bridge measurements, usually observed using optical microscopy with a hot-stage, typically show the viscous coalescence for large PS and PMMA spheres (R = 250−300 μm) and the viscoelastic coalescence for small spheres (e.g., R ~ 120 μm) [21] . Considering material properties of polymer melts, it has been suggested that colloidal particles from R = 40 nm to R = 2 μm sinter by viscoelastic deformation without any contribution of viscous flow [21] . The most direct approach to verify the coalescence mechanism of colloidal particles at the nanoscale is to simultaneously image the neck growth in real time as the radiation dose is delivered to the sample. Our high-resolution TXM approach can directly visualize the coalescence dynamics of PMMA colloids.
We present representative evidence for the X-ray-induced coalescence of PMMA The local heating by focused X-rays is negligible, as estimated as ~ 5 × 10 −4 K for PMMA [8] under similar irradiation conditions. What causes the coalescence without heating? The answer is the significant reduction of the glass transition temperature of PMMA via photochemical scission by high-flux X-ray bombardment, as is well known [9] . The X-ray dose rate in our case is high as μ = 317 kGy s -1 at the focal plane of the sample surface. Such high-flux of X-ray irradiation on a cluster of colloids in contact would possibly reduce the glass transition temperature to room temperature, resulting in the X-ray-induced coalescence without heating.
To illustrate the coalescence dynamics in detail, we take sequential images for PMMA particles with R = 1800 nm [ We consider possible changes of material properties for the X-ray-irradiated PMMA colloids in terms of glass transition temperature, surface tension, and viscosity, because the photochemical scission reduces the molecular weight. It is well known that the glass transition temperature of PMMA is a function of X-ray dose (μt) as T g (t) = T 0 -0.082 -9.52
μt [9] (the coefficient of the last term [9] was adjusted for PMMA) where T 0 is the glass transition temperature of non-irradiated PMMA (= 118.0 o C [9] ), μ is the dose rate (Gy s −1 ), and t is the irradiation time (s). Here the T g (t) of PMMA is not affected by the size for the colloids larger than 100 nm [23, 24] . As the X-ray dose increases, the glass transition temperature linearly decreases. We plot ΔT = T 0 -T g (t) as a function of the irradiation time scaling is consistent with the theoretical prediction based on the viscoelastic coalescence [22] . We conclude that the early behavior comes from the elastic contact behavior (the slope ~ 0) [22] and the late behavior from the viscoelastic coalescence (the slope ~ 1/6), as expected for typical polymer sintering [21, 22] .
In principle, Van der Waals and Young-Laplace forces can contribute to polymer coalescence [22] in three successive steps: (i) elastic adhesive contact, (ii) "zipping" contact growth driven by adhesive forces and accommodated by viscoelastic deformation, and (iii)
PHYSICAL REVIEW LETTERS -8 -"stretching" contact growth driven by the surface tension and accommodated by viscous flow. Recent simulation results [21] showed that the traditional viscous coalescence model (by capillary forces) holds for large particle size (> 10 μm) and a significant deviation must exist for small colloidal particles (< 10 μm) of identical materials. They predicted that the effect of van der Waals forces would become dominant for small sizes [21] . Our result shows evidence that the t 1/5 or t 1/7 scaling indeed appears in the coalescence kinetics of colloidal dimensions, suggesting the dominance of van der Waals forces.
Is there another possible mechanism for the colloidal particle coalescence? One possibility is the surface diffusion, typically observed with a scaling (r ~ t
) in the coalescence of heated metal particles [27] . However, this is not probable since the surface diffusion rate of colloidal particles would be too slow to induce coalescence; e.g., it would take 1 year for a surface molecule to diffuse to the other side of a 10 μm particle, because the time is proportional to the mean-square diffusion distance [28] . Our observation of neck growth of t 1/6 suggests that colloid coalescence by X-ray irradiation is analogous to viscoelastic coalescence (t 1/5 or t 1/7 ) [20] [21] [22] , instead of viscous (r ~ t 1/2 ) [18, 19] or diffusive coalescence (r ~ t 1/7
) [27] . Importantly, colloid coalescence differs from liquid coalescence in terms of capillary speed (γ/η) [29, 30] : γ/η < 10 -7 m s -1 for colloids [ Fig. 4 ] is much smaller than that for ordinary liquids (e.g., ~ 70 m s -1 for water). Viscoelastic deformation controls colloid coalescence, whereas capillary speed controls liquid coalescence.
In conclusion, we present a direct observation of an X-ray-induced coalescence in polymer colloids. We observe nanoscale coalescence phenomena of colloids in real time with the full-field X-ray transmission microscopy (TXM). The key mechanism of the non-thermal sintering is the X-ray-induced photochemical scission reducing the molecular 
